Abstract -Group V dopants may be used for next-generation high voltage CdTe solar photovoltaics, but fundamental defect energetics and kinetics need to be understood. Here, antimony (Sb) diffusion is studied in single-crystal and polycrystalline CdTe under Cd-rich conditions. Diffusion profiles are determined by dynamic secondary ion mass spectroscopy and analyzed with analytical bulk and grain-boundary diffusion models. Slow bulk and fast grain-boundary diffusion are found. Density functional theory is used to understand formation energy and mechanisms. The theory and experimental results create new understanding of group V defect kinetics in CdTe.
I. INTRODUCTION
The traditional chlorine and copper rich cadmium telluride (CdTe) defect chemistry has led to successful production of thin-film CdTe modules and cell efficiencies greater than 22% [1] . These achievements can be surpassed through improvements in open-circuit voltage (V OC ), however, the traditional defect chemistry may limit hole density, lifetime, and V OC advances due to carrier compensation and deep defects [2] [3] [4] [5] [6] . Phosphorus (P), a group V dopant, has recently been used in single-crystal CdTe to achieve hole concentrations greater than 10 17 cm -3 , radiatively limited lifetimes, and open-circuit voltages greater than 1V [7] . In light of these exciting results, it is important to consider all group V dopants in CdTe to understand their viability as effective p-type dopants. The Cu and Cl processes in traditional CdTe photovoltaic device fabrication are applied after the CdTe is deposited (i.e. ex-situ) and one way to introduce group V dopants is through ex-situ processes. A strong understanding of diffusion mechanisms and rates is critical for developing ex-situ processes that enable effective dopant incorporation, activation, and stability.
In this work we examine antimony (Sb) diffusion in singlecrystal (sX) and polycrystalline (pX) CdTe material under Cdrich conditions. Previous work on P diffusion in CdTe determined bulk diffusion coefficients between 10 -13 and 10 -14 cm 2 s -1 for the temperature range of 600°C to 700°C with an Arrhenius activation energy of about 2 eV [8, 9] . The authors found no prior diffusion studies for Sb in CdTe.
II. METHODS
800-m thick single crystals of (100) Dynamic secondary ion mass spectroscopy (dSIMS) determine the 1-dimensional (1-D) group V concentration profiles with detection limits less than 3×10 16 cm -3 . Simple bulk diffusion profiles are fit using standard complementary error functions (erfc) [10] ; and multiple erfc functions are used for multiple bulk diffusion mechanisms. Building on the bulk diffusion single-crystal results, grainboundary diffusion coefficients are determined by the Chung and Wuensch modified Le Claire analysis [11] . First principles density functional theory (DFT) calculations determine defect formation energies and diffusion barriers [12] [13] [14] [15] [16] .
III. ANTIMONY DIFFUSION
Recent work on P diffusion is discussed initially here to provide context for Sb diffusion results [17] . The first 500nm of the P diffusion profiles in both sX and pX material exhibit simple erfc type bulk diffusion which is consistent with the expected bulk diffusion length. This bulk diffusion is enhanced in the pX material due to grain boundaries and can be accounted for using the Hart equation [18] . Beyond the first 500 nm there is a second, faster, diffusion component in the sX material that increases the incorporation of P in the CdTe material to above 10 17 cm -3 deep into the film. Dislocation diffusion was initially evaluated as a possibility for this fast diffusion component, but ultimately it was determined to be more likely a second fast bulk diffusion mechanism [17] . P diffuses in pX material by slow bulk, fast bulk, and fast grainboundary (GB) mechanism. A non-uniform distribution of P indicative of GB diffusion is clear in 2-D lateral concentration profiles and has previously been correlated with electron back scatter diffraction GB maps [19] . The P intensity in the center of the grains cannot be described unless a fast bulk diffusion mechanism is also present.
Sb diffusion in CdTe is in some ways similar to P diffusion but we observe interesting differences in the diffusion profiles. The Sb diffused sX and pX samples exhibit erfc type bulk diffusion profiles, but this slow bulk diffusion is faster for Sb than for P (Fig. 1) . There is also an enhancement of the apparent bulk diffusion for the pX samples that can be accounted for with the Hart equation [18] . The surface concentration (solubility) is an order of magnitude lower for Sb than P and the 1-D dSIMS depth profiles show no evidence for a fast bulk diffusion component.
The Sb diffused pX samples do exhibit fast GB diffusion behavior, however. This is evident by the high concentration "tail" after the first 1500nm which is not seen in the sX samples (Fig. 1) . The extracted GB diffusion coefficients for Sb are similar to the GB diffusion coefficients for P. The higher bulk diffusion rate for Sb may be useful for incorporating Sb into grains of pX material. The lack of a fast bulk diffusion component similar to P may limit the viability of Sb as an ex-situ dopant, though there may be device designs that could take advantage of these diffusion characteristics. 
VI. ARRHENIUS BEHAVIOR AND THEORY
Diffusion coefficients for Sb diffusion are plotted versus inverse temperature with Arrhenius temperature dependence fits in Fig. 2 . The fit parameters for both P and Sb and each diffusion mechanism are listed in Table I .
The slow bulk diffusion coefficients for Sb are about an order of magnitude higher than for P. The activation energy for Sb (2.52 eV) is slightly higher than for P (2.1 eV). GB diffusion coefficients are several orders of magnitude larger than the slow bulk diffusion coefficients and the activation energies are slightly lower. The fast bulk diffusion observed for P is not apparent for Sb.
Fig. 2. Measured diffusion coefficients (points) and associated
Arrhenius temperature dependence fits (dashed lines) for Sb diffusion mechanisms discussed in text.
Slow bulk P diffusion is best described as P moving through the Te sublattice with a P on Te site defect (P Te ) dissociating into a Te vacancy (V Te ) and a P split interstitial (P i,spl ) [17] . The fast bulk diffusion Arrhenius activation energy, 1.0 eV, is associated with P i,spl defects moving from one interstitial site to another with a diffusion barrier of 0.4 to 0.8 eV. Although this diffusion mechanism is much faster, it does not dominate the diffusion profiles because the formation energy for the P i,spl defect is much larger than the P Te defect [17] .
Sb on Te site (Sb Te ) defects have a lower formation energy than P Te defects, this can explain why Sb diffuses faster than P. According to the formation energy calculations there is a 2.5 eV energy barrier (Fig. 4) for Sb to diffuse via the same mechanism as P (through the Te sublattice). This higher energy barrier is consistent with the higher Sb activation energy compared to P. The formation energy of Sb on a Cd site (Sb Cd ) is nearly 1.5 eV lower than the formation energy of the P on Cd site defect (P Cd ) and is also a lower formation energy defect than the interstitial defects that allowed for fast bulk P diffusion. Interstitial Sb becoming trapped in Cd vacancies (Sb i and V Cd forming Sb Cd ) may be limiting fast diffusion of Sb. This is not a problem for P because the formation energy of the P Cd is so much higher.
The significantly higher density of defects at GBs is expected to cause the faster overall diffusion rates there. The additional variety of potential diffusion paths and lower diffusion barriers at GBs is speculated to the cause of the reduced activation energy compared to the slow bulk diffusion processes. Bulk and GB diffusion kinetics in CdTe are reported for the first time for Sb. Slow bulk diffusion is observed for ex-situ incorporation processes. GB diffusion can enable higher concentrations of these group V elements to penetrate deeper into pX material, but without a fast bulk diffusion component, those elements will remain localized around GBs. A fast bulk diffusion mechanism for Sb similar to P has not yet been observed and may limit deep grain interior incorporation in PV applications. These diffusion mechanisms are consistent with DFT calculations and provide insight into the dominant defects associated with the measured diffusion profiles ACKNOWLEDGEMENT The U.S. Government retains and the publisher, by accepting the article for publication, acknowledges that the U.S. Government retains a nonexclusive, paid up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government purposes. This work was supported by the U.S. Department of Energy under Contract No. DE-AC36-08-GO28308 with the National Renewable Energy Laboratory.
